Objectives: To compare the accuracy of ultrasonography (US) and magnetic resonance imaging (MRI) in diagnosing white matter abnormalities in preterm infants and to determine the specific indications for MRI. Design: Prospective cohort study. Setting: A neonatal intensive care unit in France. Patients: All preterm infants (< 33 weeks gestation) without severe respiratory distress syndrome precluding MRI. Main outcome measures: US and MRI performed contemporaneously during the third postnatal week were analysed by an independent observer. The findings were compared with those of a term MRI scan, the results of which were taken as the final diagnosis. Statistical analysis was performed to determine which early imaging study best predicted the term MRI findings. Results: The early US and MRI findings (79 infants) correlated closely for severe lesions (cystic periventricular leucomalacia and parenchymal infarction; κ coefficient = 0.86) but not for moderate lesions (non-cystic leucomalacia and parenchymal punctate haemorrhages; κ = 0.62). Overall, early MRI findings predicted late MRI findings in 98% of patients (95% confidence interval (CI) 89.5 to 99.9) compared with only 68% for early US (95% CI 52.1 to 79.2). Conclusions: US is highly effective in detecting severe lesions of the white matter in preterm infants, but MRI seems to be necessary for the diagnosis of less severe damage. MRI performed at about the third week of life is highly predictive of the final diagnosis at term. P eriventricular leucomalacia (PVL), which is characterised by multifocal zones of necrosis in the periventricular white matter, is a major cause of cerebral palsy in premature infants. However, in 1999, Paneth 1 emphasised the importance of other patterns of white matter injury and suggested that the term "white matter damage" (WMD) should be used to encompass all lesions in this area, whether ischaemic or haemorrhagic, cystic or non-cystic. For both parents and doctors, predicting the outcome in a premature infant is of the utmost importance. Early diagnosis of all patterns of WMD is crucial for accurate outcome prediction.
P eriventricular leucomalacia (PVL), which is characterised by multifocal zones of necrosis in the periventricular white matter, is a major cause of cerebral palsy in premature infants. However, in 1999, Paneth 1 emphasised the importance of other patterns of white matter injury and suggested that the term "white matter damage" (WMD) should be used to encompass all lesions in this area, whether ischaemic or haemorrhagic, cystic or non-cystic. For both parents and doctors, predicting the outcome in a premature infant is of the utmost importance. Early diagnosis of all patterns of WMD is crucial for accurate outcome prediction.
In clinical practice, detection of WMD relies chiefly on ultrasonography (US). US changes denote development of cystic PVL in the first postnatal week. 2 Acute lesions are seen as inhomogeneous echodensities which usually develop into multiple, small, echolucent cysts by the third week. The US appearance of parenchymal infarction has also been described, 3 4 with emphasis on the distinction from cystic PVL. 5 However, it has been shown that US can miss small foci of necrosis without cyst formation. 6 7 In addition to this lack of sensitivity, there is a lack of specificity because cerebral echodensities, particularly around the frontal horns and parieto-occipital areas, are normal in premature infants. 2 Moreover, the introduction of magnetic resonance imaging (MRI) has led to the identification of other patterns of WMD, mainly parenchymal punctate haemorrhages and non-cystic PVL. [8] [9] [10] [11] [12] In a retrospective study of a cohort of preterm and term newborns, it was recently shown that MRI was more sensitive than US in detecting focal white matter lesions. 13 Although MRI provides greater detail, performing serial MRI in all very low birthweight infants would raise practical difficulties not seen with US. Consequently, criteria for selecting patients for MRI need to be developed. To this end, we compared findings from contemporaneous early US and MRI in a prospective cohort of premature infants. Furthermore, these early US and MRI findings were compared with the results of term MRI. The final diagnosis was based on these late MRI findings. The objective of this study was to identify the situations in which early US accurately predicted the final diagnosis and those in which early MRI was necessary.
METHODS

Study design
This study was performed over one year at the neonatal intensive care unit of Nantes University Hospital. All premature infants born at or before 33 weeks gestation and alive during the third postnatal week were eligible. The only exclusion criterion was severe respiratory distress syndrome during the third postnatal week which would put the baby at undue risk during transport to the radiology unit for MRI. Informed consent was obtained from the parents.
In our unit, the regimen for US scans was an examination within the first 48 hours after birth and then once a week during the first month of life. In each study patient, two cerebral MRI scans were performed, one around 21 days of postnatal age at the same time as a cerebral US and another at term age. Four patterns of WMD were sought: parenchymal haemorrhagic infarction, parenchymal punctate haemorrhages, non-cystic PVL, and cystic PVL. Table 1 shows the criteria used to diagnose these patterns; when none were present, the MRI scan was considered normal. Cystic PVL was graded as described by de Vries et al 14 : small localised cysts were defined as grade II and extensive cysts as grade III. The MRI scans were read by a radiologist (MPQ) working independently from the neonatologist who performed the US scans (TD). The diagnoses based on this early MRI scan and on the contemporaneous US scan were compared. Furthermore, an independent observer (AM) in charge of prospectively collecting all the study data compared these early findings with those from a later MRI scan performed at term age. Approval for the study was obtained from the ethics committee of Nantes University Hospital.
MRI and US acquisition
MRI was performed using a 1.5 Siemens Magnetom magnetic resonance system located in the radiology unit. The magnet had a 2.54 m long and 0.68 m wide bore. Heart rate and oxygen saturation were monitored continuously, and mechanical ventilation could be continued if needed during scanning. T1 weighted spin echo and T2 weighted turbo spin echo sequences were used with the parameters shown in table 2. Cerebral US was performed using an Acusson Aspen US scanner with a transducer of 7 MHz crystals (Acusson, Mountain View, California, USA).
Statistical analysis
Data are reported as means and ranges. Student's t test was used for comparisons. p < 0.05 was considered significant. Agreement between two investigations was evaluated by calculating the κ coefficient. As indicated by Landis and Koch, 15 
RESULTS
Of the 110 potentially eligible premature infants, 31 were excluded because they had severe respiratory distress syndrome at the time the early MRI scan was scheduled. The 79 infants included were born at a mean gestational age of 29.5 weeks (24-32) and had a mean birth weight of 1278 g (590-2150). The excluded infants had a significantly younger mean gestational age (28.7 v 29.5, p < 0.05) but a similar mean birth weight. The early investigations (MRI and US scans) were performed at a mean postnatal age of 21 days (19-27) and at a mean postconceptional age of 31 weeks (27-36). In 51 infants, a term MRI scan was performed, at a mean postconceptional age of 37 weeks (36-47). Of the remaining 28 infants, 12 died between the early and late investigations, and 16 were withdrawn from the study because they were transferred to other neonatal intensive care units. Figure 1 presents the early US and MRI findings. Overall, the κ coefficient was 0.39. When only the US scans showing parenchymal infarction or cystic PVL ( fig 2) were considered, the MRI was concordant in all the patients except one, and the κ coefficient was 0.86. In contrast, when US was normal or showed non-cystic PVL (fig 2) , the MRI was concordant in only 69% of patients, and the κ coefficient was 0.62. Parenchymal punctate haemorrhage (fig 2) was seen on seven early MRI scans and on none of the US scans. Figure 3 shows the term MRI findings. The early MRI predicted the results of the term MRI in 50 of 51 patients (98%; 95% confidence interval (CI) 89.5 to 99.9), compared with only 35 patients for US (35/51, 68%; 95% CI 52.1 to 79.2). The κ coefficients were 0.96 and 0.4 respectively. The only patient whose early MRI scan failed to predict the term MRI scan results had non-cystic PVL on the early MRI and cystic MRI on the late MRI. Table 3 gives the diagnoses in the 16 patients with discordant US and term MRI findings.
Comparison between US and early MRI (79 infants)
Comparison between the early investigations and late MRI (51 infants)
DISCUSSION
In this cohort of preterm infants born at or before 33 weeks, early MRI was better than early US for predicting term WMD as assessed by MRI. Thus, early MRI predicted term MRI findings in 98% of patients, compared with only 68% for early US. Early US was insensitive for detecting non-cystic PVL and punctate haemorrhages but was sensitive for detecting more severe cerebral lesions (parenchymal infarction and grade III cystic PVL). Moreover, WMD of any pattern was common in our population: at term, 39% of the 51 infants had WMD.
Of the 79 infants who underwent early investigations, 12.5% had cystic grade II or III PVL and 16% had non-cystic PVL by MRI. The rate of cystic PVL occurrence is higher than in recent studies (2.8% and 3.6% respectively in the studies by Pierrat et al 16 and Bass et al 17 ) but comparable to the rate reported by Zupan et al 18 (9.2%). However, the rate in our study was not determined in the entire population of infants born at < 33 weeks gestation, as 31 infants were excluded. Furthermore, the above studies were conducted in larger cohorts over a period of one or more years. Differences in PVL incidences among centres has previously been reported. 19 It was suggested that more information on recruitment and policies need to be reported to allow comment on these differences.
Among our patients, 7.5% had isolated parenchymal punctate haemorrhages, a rate similar to that reported recently by Maalouf et al 8 (6 .5% in a cohort of 46 infants born before 30 weeks gestation). In the 51 preterm infants investigated at term, early MRI was better than early US for predicting term MRI findings. However, differences were found across the various patterns of WMD. Of the 10 cases of non-cystic PVL, all were detected by early MRI, compared with only four by US. Moreover, in two infants, US suggested non-cystic PVL, but this was not confirmed on either MRI scan. Similarly, punctate haemorrhages were not found in any of the patients by US but were present in six patients by MRI. This lack of sensitivity of US performed with a 7 MHz transducer (as usually recommended) can be ascribed to the very small size of these lesions, especially punctate haemorrhages, and to the timing of US. Use of a 10 MHz transducer, as suggested in several studies, 10 16 would perhaps improve the sensitivity of US by detecting smaller lesions, provided that these are not too deep. However, our data suggest that, when neonatal brain imaging is performed to detect these patterns of WMD, MRI is the best investigation.
The place of cerebral US in the evaluation of preterm infants deserves discussion. We found an excellent correlation between early US and MRI for cystic grade III PVL and parenchymal infarction. Similar results have been reported by others. In a cohort of 27 preterm infants, Maalouf et al 8 observed that severe white matter echogenicity on US had a good predictive probability (0.96) for the presence of haemorrhagic parenchymal infarction on MRI. In other studies, all cystic PVL cases seen by MRI were also seen by US. 10 20 However, MRI provided additional information on the number of cysts and/or presence of haemorrhagic lesions 10 or abnormal signal in the posterior limb of the internal capsule at the term period. 20 Although this additional information is probably useful for determining the nature of severe WMD, we suggest that US may be sufficient for detecting severe WMD in clinical practice.
Routine use of MRI in very low birthweight infants during the first few weeks of postnatal life seems impractical. In our cohort, 28% of the preterm infants were excluded because they had severe respiratory distress syndrome that might have put them at risk during MRI. Thus, criteria for selecting patients for MRI are needed. We suggest that MRI may be unnecessary in patients for whom US shows severe lesions such as cystic PVL or parenchymal infarction. In contrast, MRI may be useful to further investigate hyperechoic lesions without cysts or small localised cysts in the white matter or to detect lesions when US is normal. In our cohort, 21% of the infants with normal US findings had abnormalities on MRI scans. Although abundant data have been published on outcomes of preterm infants with parenchymal infarction 5 21 and cystic PVL, 16 22 little is known about outcomes of patients with non-cystic PVL or punctate haemorrhages. Recently, a normal neurodevelopmental outcome at 2 years was reported in 7/8 preterm infants with isolated punctate brain lesions. 12 Thus, further studies are needed to improve the ability of clinicians to establish a prognosis in these patients.
Because MRI cannot easily be repeated at closely spaced intervals, the best age for performing it must be determined. The high concordance rate between early and late MRI findings in our study suggests that virtually all white matter lesions are present by the third postnatal week, and therefore this may be a good age for cerebral imaging studies. In a study of serial MRI in a cohort of extremely preterm infants, excessive high signal intensity was seen in the white matter at term, but was not always visible two days after birth. 8 Moreover, this indicates that MRI performed within a few days of birth can miss some patterns of WMD (unless diffusion weighted imaging is used) and that MRI during the third week, as in our study, may be optimal.
In summary, we found that cerebral US is an excellent method for detecting severe WMD but can miss gliosis without cysts and punctate haemorrhages in the white matter. These less severe lesions can be detected during the third postnatal week by MRI with T1 and T2 weighted sequences. Widespread use of MRI for patients with no or minor lesions detected by US would probably lead to an increased rate of detection of WMD. Studies are needed to determine the neurodevelopmental outcomes in patients with non-cystic or punctate haemorrhagic WMD.
